Abstract-The connection between the spatial location of catastrophic breakdown spots occurring in metal-insulator-metal capacitors with a high-permittivity dielectric film (HfO 2 ) and their respective sizes is investigated. Large area structures (10 4 -10 5 µm 2 ) are used for this correlation assessment since, for statistical considerations, a large number of spots in the same device is imperatively required. The application of ramped or constant voltage stress across the capacitor generates defects inside the dielectric that result in the formation of multiple failure sites. High power dissipation takes place locally, leaving a permanent mark on the top electrode of the device. The set of marks constitutes a point pattern with attributes that can be analyzed from a statistical viewpoint. The correlation between the spot locations and their sizes is assessed through the mark correlation function and the method of reverse conditional moments. The study reveals that for severely damaged devices, there exists a link between the spot location and size that leads to a short range departure from a complete spatial randomness (CSR) process. It is shown that the affected region around each failure site is actually larger than the visible area of the spot. A structural modification of the dielectric layer in the vicinity of the spot caused by the huge thermal effects occurring just before the microexplosion might be the reason behind this extension of the damage.
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I. INTRODUCTION
T HE BREAKDOWN (BD) of the oxide layer in metal-insulator-metal (MIM) and metal-insulatorsemiconductor (MIS) structures is an unwanted event that, depending on its magnitude, can affect the electrical properties of the devices to different extents [1] . In the vast majority of the studies devoted to this issue, the origin and consequences associated with the occurrence of a single failure event per device is investigated. Very often, the study of single BD events in MIS and MIM structures exclusively relies on electrical measurements. Depending on the magnitude of the BD event, the failure mode is classified as soft or hard breakdown [2] , [3] . By applying ramped or constant current/voltage stress to a large number of devices it is possible to obtain statistical information on the BD strength or the time/injected charge-to-BD, which is frequently used in reliability analysis to qualify a given technology [4] . However, generation of multiple BD events (N > 10) in the same device is seldom investigated because, as the total leakage current increases, the actual potential drop across the device considerably decreases because of the series resistance effect. As a consequence, although the electrical stress becomes less effective in what concerns with the generation of new failure sites, the already created defects can evolve because of the thermal effects. In some cases, correlation effects among the BD spots were demonstrated to impact on the lifetime projection of MIS devices [5] . Here, we are interested in elucidating whether the location and size of the BD spots are to some extent interrelated. The BD phenomenon basically consists in the formation of a short or conductive filament (CF) across the dielectric film that allows an uncontrolled flow of electrons between the top and bottom electrodes. According to the percolation theory of dielectric BD, the CF arises as the result of a critical density of defects accumulated at certain regions of the oxide film [6] , [7] . Once the CF is established, a huge amount of thermal energy is released due to Joule heating effects occurring in a tiny area. Under this circumstance, the temperature increase can be so large that the top metal electrode blows up producing an irreversible damage to the structure. This is sometimes called hard BD with lateral propagation [8] . The ultimate consequence of this process is a mark on the top electrode that can be easily detected through an optical microscope [9] . In large area devices, such as the ones investigated in this work, several BD spots of this kind appear, and which can be collectively treated as a point pattern.
In previous works, we showed that the methods of spatial statistics are suitable for investigating the distribution of BD spots in MIM and MIS structures [10] - [12] . In spatial statistics, estimators are directly calculated from the experimental data and are compared with the corresponding theoretical values for a Poisson or complete spatial randomness (CSR) process [13] . In principle, the distribution of BD spots on the top electrode of a device is expected to follow a Poisson process since the generation of defects inside the dielectric is completely random. However, deviations arising from the particularities of the fabrication process, local variations of the oxide permittivity value, or edge effects can occur. In general, each statistical estimator highlights some specific feature of the point distribution. Thus a complete understanding of the problem under investigation can only be achieved by assessing and comparing the results obtained with different estimators [10] . In the field of spatial analysis not only the location of the points is of interest but also the value of one or more attributes attached to each point of the pattern. In our case, the attribute to be analyzed is the size of the spots (a continuous attribute). To the best of our knowledge, the correlation between the BD spot locations in MIM devices and their sizes is explored for the first time. This requires the characterization of many failure events occurring in a single device with a high optical resolution. In a first approach, the location of the spots is analyzed using a second order statistical estimator such as the pair correlation function with the objective of testing the CSR hypothesis. In a second approach, the connection between the location and size of the spots is investigated through more sophisticated tools of spatial statistics analysis such as the mark correlation function and the method of reverse conditional moments. We also focus the attention on the regions around the spots since they exhibit remarkable features. This is investigated combining SEM, CAFM and infrared images of the generated spots. This paper is organized as follows: in Section II, the fabrication process of the devices under study is presented. The experimental conditions used for generating the spots are described as well as the equipment and methods considered for analyzing the damaged devices. In Section III, the procedure used for extracting the location and area of the spots from the optical images and videos is explained. The correlation between the size and location of the BD spots for square and circular area capacitors is investigated in Section IV. The long term consequences of the degradation process in our devices is also discussed. Finally, in Section V, the damage generated around the crater-like structure of a single spot is explored by combining finite-element simulations with thermal images. It is shown that the device region around the visible spot also experiments some kind of modification which in turn affects the occurrence of the new generated failure sites. In Section VI, the conclusions of this work are presented.
II. EXPERIMENTAL DETAILS
Circular and square Pt/HfO 2 /Pt capacitors with areas ranging from 4·10 4 to 10 6 µm 2 were investigated. The devices were fabricated on top of an n-type Si (100) substrate. First, a 200 nm thick SiO 2 layer was grown to electrically isolate the substrate from the devices. Then, a 200 nm thick Pt layer was deposited by electron-beam evaporation and a 30 nm thick HfO 2 layer was grown by Atomic Layer Deposition (ALD) technique using TEMAHf and H 2 O as precursors. The equipment used to apply the ALD technique was a Cambridge NanoTech Fiji ALD system. Afterwards, a 200 nm thick Pt layer was deposited on the HfO 2 layer using the lift-off technique allowing the definition of different top electrode geometries. Finally, the access to the bottom Pt electrode was enabled via the dry etching technique. A mask/resistor process was used to protect the top Pt electrode while the HfO 2 layer was removed. After the etching, the oxide layer extends 25 µm beyond the perimeter edge of the top electrode. During stress the bottom electrode was always grounded while the voltage was applied to the top electrode (see Fig. 1a ). For the generation of BD spots, two different approaches were followed: constant voltage stress (CVS) at −9V for a maximum of 70 seconds and ramped voltage stress starting at 0V and ending at −12V. In the former mode, movies showing the evolution of the degradation process were recorded. In the second case, a picture with the final distribution of spots was taken. Depending on the magnitude, duration, kind of the stress (ramped or constant), and device area, different BD spot patterns can be obtained. Recall that this paper is not aimed at characterizing this particular technology but to provide a framework for the correlation analysis of multiple failure events in MIM and MIS devices. The location and size of the spots were obtained from videos and images recorded through the optical microscope. The information was subsequently processed with MATLAB and statistically treated using the Spatstat package for the R language [14] . Figure 1b shows a scanning electron microscope (SEM) image of several BD spots generated on the top metal electrode of a device. Notice that the spots have a typical size ranging from 1 to 5 µm and that their shape is not always circular. Circular shapes are mostly observed for the smallest spots. The image reveals that some of the spots exhibit a kind of ring around them. This will be further discussed in Section VI in connection with the thermal effects. In Fig. 1c , a zoomed-in SEM image of nearby BD spots is shown. As can be seen, the spots have a crater-like structure in which the top metal layer has practically disappeared. In order to get better insight whether the bottom metal electrode is accessible through the crater or not, topographic ( Fig. 2a ) and conductive ( Fig. 2b ) scannings were performed using a conductive atomic force microscope (CAFM). The conductive-type image ( Fig. 2a ) reveals that the current does not flow uniformly distributed and that the edges as well as some particular points inside the crater seem to exhibit a higher leakage current. It is worth mentioning that the current measured this way might be affected by the extreme topographic variations. According with a previous thermal study, some failure sites are true shorts while others do not exhibit any sign of electron transport [15] . In this paper, new infrared images are presented which indicate the magnitude of the power dissipation that takes place locally in the CF and the extension of the thermal damage around the BD spot.
III. DETECTION OF SPOTS AND IMAGE TREATMENT
In order to achieve accurate information about the spatial location and area of each failure site, a MATLAB program was developed for this aim. MATLAB has the capability to deal with images and counts with a large number of commands for data transformation, visualization, and analysis. When MATLAB opens an image file, three matrices with a number of rows and columns equal to the image resolution are created. Each matrix is associated with one of the basic colors. Some commands are specifically oriented to the determination of the spatial location and size of objects in the image (in our case the BD spots). In Fig. 3 , the mathematical treatment performed on a typical image is recreated. Figure 3a shows the original optical image. The RGB image is represented in a single grey scale matrix (Fig. 3b) . Then a filter is applied to digitalize the image into black and white pixels (Fig. 3c) . This is performed by setting a threshold level that defines which binary color is assigned. In Fig. 3d , a graphical representation of the BD spot locations and their areas is displayed in a window of size 438 µm x 365 µm. Notice that the area of the circles represented in Fig. 3d is proportional to the discretized area of the spots. It is worth pointing out that the accuracy in the detection process is directly related to the resolution of the image, i.e., the smallest area we can detect is the area of a single marked pixel. For example, an image with dimensions 1920 px x 1080 px with a real width of 200 µm have a scale of 0.104 µm/px, which means that the size of a single pixel is 1.08·10 −2 µm 2 being the smallest area detectable in such image. In addition, in the analysis of a binary image, the superposition or connection of spots is a factor that needs to be considered [16] . For 2D images, pixels can be 4-connected, meaning that the pixels are connected if their edges touch, or 8-connected, meaning that pixels are connected if their edges or corners touch. In Fig. 4 , a schematic representation of a binary image (Fig. 4a) considering both pixel arrangements (Fig. 4b-c) is illustrated. As can be seen, when the 4-connected approach is used (Fig. 4b) , a total of 2 spots are detected as the pixels that only share a corner are considered as individual spots. However, when the 8-connected approach is applied (Fig. 4c) , those pixels are connected which results in the detection of a single structure. Notice that the location of the spots is the center of mass of the different regions detected as individual objects and that the total area of the objects is the same in both cases in spite of being the number of objects detected different as the spots that are separated in the 4-connected approach (Fig. 4b ) appear merged into a single spot in the 8-connected approach (Fig. 4c) . For the analysis performed in this work, the 8-connected approach was considered. Once the pixels are counted, the area of each spot is calculated using the direct expression:
where n is the number of pixels and pixel size is the actual size of a single pixel. After obtaining the location and area of every BD spot, it is also important to correctly assess the possible edge effects associated with the size of the considered observation window (if different from the device area). This is a classical problem of spatial statistics that deserves a brief explanation [17] . Figure 5a shows a schematic representation of several objects with different areas distributed within the observation window (dashed square). As can be seen, some of the objects are affected by the window edge which performs like a kind of censoring effect. Two approaches can be followed: plus-sampling (Fig. 5b) or minus-sampling (Fig. 5c ) [18] depending on whether the object is considered or not for the computation of areas, locations, and estimators. Plus-sampling introduces bias in favor of the largest objects while minus-sampling favors the smallest objects. As an example, in Fig. 6 , both sampling approaches with different observation windows were considered for an experimental BD spot distribution. Figure 6a corresponds to the optical image of the damaged device. The location and areas of the spots are obtained and then the plus-sampling and minus-sampling approaches are applied using square observation windows with different areas. From this exercise, the ratio between the total damaged area (the total area of the spots) and the damaged area within the observation window can be compared (Fig. 6b) . As expected, the ratio obtained for minus-sampling is smaller than for plus-sampling. The discrepancy between both methods is remarkable for small windows but reduces as the observation window increases. This means that the analysis of a failure site distribution using a very small observation window can be affected by the chosen counting method. This issue in combination with the minus-sampling approach was considered in this work.
IV. CORRELATION ANALYSIS
In this Section, the summary statistics on the spatial distribution and size of multiple BD spots on the top Pt electrode and the correlation analysis between their locations and areas are discussed. As mentioned in Section II, the devices were ramped (RVS) or constant (CVS) voltage stressed. In case of a ramped voltage stress, all the spots are generated almost instantaneously. On the contrary, for CVS, the spots are generated progressively so that the time evolution of the degradation process can be recorded. For this reason, for RVS an optical image corresponding to the final situation can only be analyzed, whereas for CVS, a video showing the generation of spots is also available. In either case, final or intermediate state, the resulting distribution of BD spots can be analyzed using the methods of spatial statistics.
The spatial characterization of the spots is carried out using first (average intensity) and second order estimators (functional estimators). These estimators indicate whether the statistical distribution of spots agrees with a CSR process or not. The pair correlation function g(r) is first used to investigate the BD point pattern. In this case, the distances between spots were normalized to the nominal lateral size of the device. g(r) is related to the probability of finding a point at a distance r from another point of the pattern [19] . The expected value for a CSR process is g(r) = 1. Deviations from the unity value indicate accumulation (g(r) > 1) or inhibition (g(r) < 1) effects. In order to evaluate the connection between the spot locations and sizes, the mark correlation function K(r) (not to be confused with Ripley's K function) and the reverse conditional moments E(r) and V(r) are used [19] . For the computation of these latest estimators, distances are not normalized. The mark correlation function is a measure of the dependence between the locations of two points that are separated by a distance r and the marks (or attributes) of these spots, in our case their areas. Following Stoyan [20] , the mark correlation function K(r) for a point process with numeric marks can be expressed as:
where E ij denotes the conditional expectation given that there are a point i and a point j of the process separated by a distance r. m i and m j are the values of the marks attached to these two points. In the denominator of (2), μ is the mean value of the marks in the point process and it is used for normalizing the value of the function. In case of the mark correlation function, it is also possible to interpret the results in terms of accumulation or inhibition effects. If the areas of the spots are spatially uncorrelated, then K(r) = 1. For positive correlation K(r) < 1, which means that the spots separated by a distance r have smaller area than expected, while a negative correlation K(r) > 1 means the opposite [21] . E(r) and V(r) are the conditional mean and variance of the mark attached to a point that is located a distance r from another point, respectively [22] . They can be expressed as:
E ij has the same meaning as before and m i denotes the mark attached to the point i. In this work, the attribute under analysis is always the area of the spot. Functions (3) and (4) also contribute to provide insight into the interrelationship between the spot locations and marks. If the points and marks are independent, then E(r) and V(r) should be constant (independent of r). In what follows, we apply this summary functions to different case studies.
A. Square Area Capacitor
In this first example, the case of a square area capacitor with an area of 750 µm × 750 µm is investigated (see Fig. 7a ). The spot pattern was generated using an RVS. In Fig. 7b , a graphical representation of the location of all the detected spots is shown. A total of 316 spots were counted which corresponds to an average intensity λ = 5.62 · 10 −4 spots/µm 2 . The size of a single pixel is 3.04 µm 2 . In Fig. 7c , a histogram for the radius of the spots is reported. It can be observed that the distribution exhibits a marked positive skewness with radius values ranging up to 5 µm. The experimental and theoretical g(r) values are represented in Fig. 7d . Notice that the plot also includes the 95% confidence band (shaded region). As can be seen, the experimental g(r) fluctuates around the unity value which indicates that the distribution of failure sites is in principle compatible with a CSR process. Figure 7e shows the experimental curve for the mark correlation function K(r). Again, the shaded region corresponds to 50 Monte Carlo (MC) simulations. In this case, K(r) indicates independence between positions and areas of the spots. In Fig. 7f , the experimental E(r) and V(r) curves are shown. Notice that E(r) fluctuates around the unity value, meaning that the spot locations and their areas are not connected. This agrees with the previous observations. However, V(r) exhibits some peaks which might be indicative of a correlation between the location of the spots and their areas at certain scales. This example illustrates the importance of considering different estimators to assess a point pattern distribution and configure a better picture of what is going on. Since only V(r) shows large deviations, it is hard to justify the existence of a correlation location/area for the BD spots. Both g, K, and E functions seem to confirm that the point pattern follows a CSR process.
B. Circular Area Capacitor
In this second example, a circular area capacitor, in which a higher number of spots were generated, is analyzed. In A total of 1389 failure sites were detected which corresponds to an average intensity λ = 1.38 · 10 −3 spots/µm 2 . The location of the detected spots is shown in Fig. 8b . In this case, the size of a pixel is 0.36 µm 2 . In Fig. 8c , the histogram for the radius of the spots is reported. Notice that an accumulation of radius is observed for values ranging from 1.6 µm to 3.2 µm with a well-defined peak centered at 2.5 µm. In Fig. 8d , the experimental g(r) function is shown. It is clearly above the unity value. This behavior is typical of some kind of accumulation effect. The origin of this deviation is clearly visible in the photograph of Fig. 8a , in which the largest area spots seem to concentrate in the central region of the device. If we now pay attention to the mark correlation function K(r) in Fig. 8e , we can observe a correlation effect between the area and location of the spots as the experimental value exceeds the confidence band obtained after 50 MC simulations. Again, this is consistent with the previous observation. Figure 8f shows the estimated E(r) and V(r). Again, both curves depart from a CSR process. Large deviations are observed close to the origin of coordinates but in this case the estimators are strongly influenced by the size of the spots and the anomalous short distance involved.
V. EFFECTS OF SEVERE ELECTRICAL STRESS
In the previous Section, it was shown that correlation effects between the location of the failure sites and their sizes can occur in large area MIM devices. This correlation can only be noticed if the number of spots is sufficiently large, which occurs after a long exposure to the degradation conditions. In this Section, we explore what happens if the device is further stressed and power dissipation effects become observable in the top metal electrode. We essentially focus the attention on the magnitude of the damage generated around the visible crater-like structure of the spots. In general, because of the series resistance effect, the pace at which the device degrades decreases with the number of spots, but at some point, a different kind of damage appears if the stress is not halted. Burning effects become evident in the surface of the device. In Fig. 9a , an optical image of a device that displays a burned region (darker area) is shown. This burning effect clearly arises from the voltage probe and directs toward the central region of the device. Around some BD spots, a small ring where the metal electrode is not burned is also visible. This is shown in Fig. 9b as well where a zoomed SEM image illustrates this situation. Figure 10 shows some specific frames of a video corresponding to the degradation of the device shown in Fig. 9a . The frames reveal that the rings are not visible until the area of the device around them starts burning. In other words, the rings were generated at the beginning of the stress (see arrows 1 and 2) but can only be observed in the last phase of degradation. This indicates that some structural modification occurred in the region close to the spot that reduces the surface current density around it preventing the appearance of the burned area. Something similar occurs for the spots that are generated in the already burned area (see arrow 3). Therefore, the thermal process associated with the generation of a BD site not only leaves a mark on the top metal electrode but also originates a damage beyond the spot itself.
In Figs. 11a-b , a CAFM image of a typical BD spot generated in the top metal electrode is shown. As can be observed, the spot has the usual crater-like structure. In order to analyze in detail if there is any kind of deformation of the metal layer around the spot, vertical and horizontal scanning profiles were defined in the image (Fig. 11b) and represented (Fig. 11c) . The plot reveals that outside the spot (see the arrows), the Pt electrode remains completely flat meaning that the spot generation did not produce a hillock in the metal layer. The circular shape of the ring also discards a connection with the particular direction of the surface current lines responsible for the burning effects. A plausible hypothesis is that the physical changes in the dielectric region around the CF affect the current distribution in the vicinity of the spot. In this regard, Cester et al. reported a remarkable reduction of the conductance in a ring around the CF in the gate oxide of MOS transistors. The effect was ascribed to negative charge trapping and generation of oxide defects around the CF [23] . In more recent papers, Kumar et al. reported modifications of the region surrounding the CFs generated in Pt/Hf/HfO x /Pt [24] and Pt/TiN/HfO 2 /Pt [25] devices as well. Similar effects were described in Hoskins et al. for CFs in TiO 2 -based MIM devices with Pt electrodes [26] . Experimental results seem to indicate a permanent change of the oxide properties in the vicinity of the failure site which does not generate a deformation of the metal electrode [27] . Figures 12a and 12b show thermal images of a CF. In this case, a constant voltage was applied to the device and the power dissipated was registered using an infrared camera. While Fig. 12a shows the active BD spot and the voltage probes, Fig. 12b shows a detail of the damaged region. Notice that, although the area of the hot spot does not correspond to the real area of the failure site, it is clear that the temperature excess goe s beyond the core region of the CF. In order to evaluate the relative distribution of temperature produced by an active CF, finite-element simulations were carried out. Figure 12c shows a cross-section of the device assuming a filament temperature of 800 K and thermal conductivities λ Pt = 71 W·K −1 · m −1 and λ HfO2 = 0.95 W·K −1 · m −1 [28] . This plot can represent a situation previous to the occurrence of the microexplosion. As expected, the temperature increase extends farther into the dielectric than into the metal. This dissimilar temperature excess might be the reason behind the structural changes in the oxide layer and the reduced extension of the crater with respect to the surrounding ring. Interestingly, further information about the consequences of these anomalous regions can be achieved by analyzing the spatial distribution of the failure sites in severely damaged devices. In this regard, Fig. 13 shows the case of a device with burning effects. In Fig. 13a the optical image of the capacitor with a diameter of 450 µm is shown. The size of a pixel is 1.07 µm 2 . Figure 13b shows the location of 641 BD spots, which corresponds to an average intensity λ = 4.03 · 10 −3 spots/µm 2 . The summary statistics for this point pattern is illustrated in Figs. 13c-f. In Fig. 13c , the histogram for the size of the spots considered in the distribution is shown. Figure 13d shows the cumulative distribution function for the nearest-neighbour distance estimator G(r) corresponding to the experimental distribution [9] , [19] . The dashed line corresponds to a CSR process. The 95 % confidence band is also included in the plot (shaded region). In order to analyze this result in detail it is important to consider the radius of the spots (Fig. 13c) . In the G function plot (Fig. 13d) an inhibition distance up to 8 µm is observed as the experimental G(r) takes values lower than those expected for a CSR distribution. This means that the generation of a spot in this region is less likely than for a Poisson distribution. In fact, G(r) is zero for distances lower than 4 µm meaning that there are no spots closer than 4 µm. Looking at the distribution of radius (Fig. 13c) and considering the accumulation of spots sizes ranging in between 1.1 µm and 1.7 µm, the expected inhibition distance would be 3.83 µm which correspond to two spots with radius 1.4 µm separated one pixel apart. Notice that the region where the inhibition is observed (Fig. 13d) is higher than the corresponding expected value. This confirms that there is an inhibition region around the spots where the generation of new failure sites is less likely. In Fig. 13e , the experimental and theoretical g(r) functions are illustrated. As can be seen, the location of all the spots is consistent with a CSR process as the unity value is inside the 95% confidence band. Similarly, K(r) in Fig. 13f shows results compatible with independent location/area distributions. It seems that these estimators are not sensible enough to detect the inhibition region which is only observable in the short distance scale. This clearly indicates that caution should be exercised with a straightforward interpretation of the functional estimators.
VI. CONCLUSION
In this paper, spatial statistical methods were applied to investigate the correlation between the location and size of catastrophic breakdown spots in MIM capacitors with high-K dielectric. The analysis revealed that for a low number of spots the distribution is consistent with a complete spatial randomness process. However, as the number of spots increases, correlation effects between the location and area become observable. The largest spots seem to concentrate in the central region of the device perhaps as a consequence of some kind of feedback effect resulting from the thermal effects and the current distribution over the top electrode. Inhibitory effects in the generation of spots were also detected in the last phase of degradation. To reveal these features, the separation between spots was investigated using specific estimators such as the nearest neighbour function. The observation of such inhibitory effects questions the hypothesis of complete randomness distribution in severely damaged devices.
